␤-ARRESTIN-BIASED AGONISM of the ANG II type 1 receptor (AT1R) is of considerable interest because of the fundamental role this receptor has in the development and progression of cardiac dysfunction (23) . ␤-Arrestin, an adaptor molecule involved in AT1R desensitization and internalization (25) , has recently been shown to mediate a parallel series of growth and prosurvival signals independent of G-protein signaling (6, 12, 17, 22) . In response to mechanical stretch (22) and in response to the low-affinity ␤-arrestin-biased AT1R ligand Sar-Ile-Ile-ANG II, there is enhanced MAPK signaling (4, 33) , increased isolated cardiomyocyte inotropy (21) , and attenuated apoptosis (3) .
It is known that G-protein-mediated signaling downstream of activated AT1Rs is associated with cardiac dysfunction and hypertension and that angiotensin-converting enzyme (ACE) inhibitors or conventional AT1R blockers (ARBs) can mitigate adverse remodeling following cardiac injury in chronic heart (1, 2, 20) . Despite the benefits of conventional ARBs in certain settings, clinical trial data suggest that these drugs may have diminished efficacy compared with ACE inhibitors (29) . It remains unclear whether the cessation of protective signaling pathways downstream of the AT1R induced by traditional ARBs accounts for the differences observed clinically. Unfortunately, studies of the in vivo physiologic effects of biased agonism of the AT1R under normal conditions and during cardiac injury have been limited due to the lack of availability of a high-affinity ␤-arrestin-biased AT1R ligand.
Recently, novel biased ligands for the AT1R have been developed and shown to have significant effects on cardiovascular physiology, including increased cardiac contractility and activation of cytoprotective signaling pathways (32) . One of these ligands, TRV120027, promotes cardiac unloading and decreases systemic and renovascular resistance in a canine model of heart failure (8) and is currently being evaluated for its effects on acute heart failure in humans (http://clinicaltrials.gov; Unique Identifier NCT01187836). With the use of a related ␤-arrestin-biased AT1R ligand TRV120023 (Sar-Arg-Val-TyrLys-His-Pro-Ala-OH) (32), we sought to determine the mechanism for the in vivo cardiovascular response to biased agonism of the AT1R and whether the activation of ␤-arrestinmediated pathways would be cardioprotective during acute cardiac injury. We show that TRV120023 infusion in wild-type (WT) mice increases cardiac contractility and stimulates cardioprotective signaling in the heart and that these effects are absent in ␤-arrestin-2 knockout (KO) mice. These data suggest that ␤-arrestin-biased agonism of the AT1R promotes beneficial biochemical and functional signaling and may provide an advantage over conventional ARBs.
MATERIALS AND METHODS
Experimental animals. Eight-to 12-wk-old control C57/B6 WT and ␤-arrestin-2 KO mice (9) were used for this study. Research with animals carried out for this study was handled according to approved protocols and animal welfare regulations of Duke University Medical Center's Institutional Review Boards.
Synthesis of peptides. TRV120023 (Sar-Arg-Val-Tyr-Lys-His-ProAla-OH) was synthesized by GenScript USA (Piscataway, NJ). Quality control was assessed was by high-performance chromatography and mass spectrometry as described previously (32) .
Hemodynamic study (blood pressure response ) were infused. Infusion of 100 g·kg Ϫ1 ·min Ϫ1 TRV120023 in WT mice markedly blocked the increase in blood pressure induced by the intravenous administration of ANG II (Fig. 1) and was the dose used for the ischemia reperfusion (IR) injury in vivo studies.
Pressure-volume loop analysis. In vivo pressure-volume (P-V) analysis was performed as described previously (18, 34) . Briefly, after bilateral vagotomy, the chest was opened, and the pericardium was dissected to expose the heart. A 7-0 suture ligature was placed around the transverse aorta to manipulate loading conditions. A 1.4-Fr pressureconductance catheter (Millar Instruments) was inserted into the left ventricle (LV) through the cardiac apex to record hemodynamics. A PE-50 catheter was inserted into the right jugular vein for drug infusion. Steady-state P-V measurements were recorded at baseline and after 5 min drug intravenous infusion (saline, TRV120023, 10 g·kg ). P-V measurements were obtained during the increase in the afterload generated by gently pulling on the suture to transiently constrict the aorta. Subsequently, parallel conductance (Vp) was determined by 10 l injection of 15% saline into the right jugular vein to establish the Vp of the blood pool. The derived Vp was used to correct the P-V loop data, which were recorded digitally at 1,000 Hz and analyzed with P-V analysis software (PVAN data analysis software version 3.3, Millar Instruments) as described previously (18, 34) .
IR injury. Myocardial IR was performed as described previously (14) . A left thoracotomy was performed in the fourth intercostal space at the left sternal border, and ischemia was produced by ligation at the left anterior descending (LAD) coronary artery with an 8-0 prolene suture at the site of the vessels' emergence past the tip of the left atrium. After 30 min ligation, LAD ligation was removed and LAD blood flow restored for 45 min. Myocardial ischemia and reperfusion were confirmed visually.
Intraventricular balloon and myocardial stretch injury. Stretch injury was induced using an ex vivo model as described previously (22) . After anticoagulation and anesthetic administration, mouse hearts were excised by median thoracotomy, cannulated, and perfused at 37°C and 80 -100 mmHg with Krebs-Henseleit buffer [118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl 2, 25 mM NaHCO3, 0.5 mM Na-EDTA, and 11 mM glucose, saturated with 95% O 2-5% CO2 (pH 7.4)] in a Langendorff apparatus (Hugo Sachs Elektronik-Harvard Apparatus, Germany).
Stretch injury was performed with the use of a polypropylene membrane, inserted into the LV through the mitral valve, and inflated with water to yield a LV end-diastolic pressure of 30 -50 mmHg (22) . The water-filled balloon was secured to a PE-50 tube and connected to a Statham P23 Db pressure transducer (Gould Instruments). LV pressure was recorded continuously with a pressure-recording system (MacLab, Millar Instruments). Hearts of age-and sex-matched mice, which were perfused without inflation of the balloon for identical periods of time, served as the perfusion control. Balloon inflation pressure was held constant with minor adjustments of volume during the experiment. After 30 min of balloon inflation, experiments were terminated, and hearts were snap frozen for analysis. Hearts were excluded from analysis if they failed to beat spontaneously when perfused or if balloon pressure was Ͻ25 or Ͼ50 mmHg for 30 min after inflation.
Immunoblotting. LV tissue was homogenized in Nonidet P-40 (NP-40) lysis buffer containing 20 mM Tris (pH 7.4), 137 mM NaCl, 1% NP-40, 20% glycerol, 10 mM PMSF, 1 mM Na 3VO4, 10 mM NaF, aprotinin (2.5 mg/ml), and leupeptin (2.5 mg/ml). Protein concentrations were assayed with Bio-Rad (Hercules, CA) protein assay reagent, and 100 g protein was denatured by heating at 95°C for 5 min before resolving by SDS-PAGE. Immunoblotting for myocardial biochemical markers was performed as described previously (18) . The following dilutions of primary antibody were used: total ERK (Millipore, Billerica, MA), 1:3,000; ERK1/2 (Cell Signaling Technology, Danvers, MA), 1:1,000; total Akt (Cell Signaling Technology), 1:1,000; and phosphorylated Akt (Cell Signaling Technology), 1:1,000. Detection was carried out by an enhanced chemiluminescence detection system (Amersham Biosciences, Piscataway, NJ). Densitometric analysis was performed with Bio-Rad Fluor-S MultiImager software.
Histological analysis. Freshly harvested cardiac samples were placed in sucrose-PBS solution at 4°C for 2-4 h, placed in crosssection in optimum cutting temperature compound (Miles Laboratories, Elkhart, IL), and snap frozen in liquid nitrogen. DNA fragmentation was detected in situ by terminal deoxynucleotidyl transferasemediated nick end-labeling (TUNEL) (22) . In brief, DNA fragments were labeled with fluorescein-conjugated deoxyuridine triphosphate with the use of terminal deoxynucleotidyl transferase (Roche Diagnostics, Indianapolis, IN). The total number of nuclei was determined by manual counting of propidium iodide fluorescence-stained nuclei in random fields per section (magnification, ϫ200). All TUNELpositive nuclei were counted in each section.
Radioligand-binding studies. A detailed description of the method used to assess binding affinity has been published previously (32) . In brief, membrane preparations were made with the use of human embryonic kidney (HEK)293 cells with stable expression of the human AT1R with balanced conditions. Assays were initiated by the addition of [
125 I]-ANG II to the membrane preparations at a concentration equal to the equilibrium-binding affinity (dissociation constant). Binding assays were performed with adequate time for radioligand and competing ligand to reach temporal equilibrium. Assays were run in duplicate in polypropylene 96-well plates (Costar, Cambridge, MA). Nonspecific binding was defined in the presence of 1 M saralasin. Radioactivity was quantified using a MicroBeta TriLux liquid scintillation counter (PerkinElmer Life and Analytical Sciences, Waltham, MA). Apparent binding affinities were then analyzed using GraphPad Prism (GraphPad Software, San Diego, CA). ␤-Arrestin recruitment. The PathHunter protein complementation assay (DiscoveRx, Fremont, CA) was performed according to the manufacturer's protocol and read for chemiluminescent signaling on a PHERAStar reader (BMG Labtech, Cary, NC). In brief, complementary one-halves of ␤-galactosidase were fused to the carboxyl termini of the AT1R and ␤-arrestin-2. When cotransfected, the two fusion proteins interact upon ␤-arrestin-2 translocation to active receptor to form a functional enzyme, which is detected by a chemoluminescent substrate.
Inositol monophosphate accumulation. Inositol monophosphate 1 (IP1) was measured with the IP-One Tb HTRF kit (Cisbio, Bedford, MA). Plates were read on a PHERAStar reader with the use of a time-resolved fluorescence ratio (665 nm/620 nm).
Diacylglycerol reporter assay. To assess diacylglycerol (DAG) accumulation after ligand stimulation, a DAG reporter (DAGR) assay was performed on HEK293 cells stably overexpressing human AT1R at two different receptor densities (600 fM/mg and 2 pM/mg), transiently transfected with the fluorescence resonance energy transferbased DAGR reporter (31) . Cells were split and plated on a 35-mm dish coated with collagen. Twenty-four hours later, cells were washed with PBS and placed in imaging buffer [125 mM NaCl, 5 mM KCl, 1.5 mM MgCl 2, 1.5 mM CaCl2, 10 mM glucose, 0.2% BSA, 10 mM HEPES (pH 7.4)]. After basal activity was recorded for 1 min, cells were stimulated with 100 nM ANG II, TRV120023, or losartan. DAGR ratio was recorded for 8 min.
Cell culture. HEK293 cells stably expressing human AT1R were maintained as described previously (15) . Cells were grown in MEM with Earle's salts, supplemented with 10% FBS and a 1:100 dilution of a penicillin-streptomycin mixture (Sigma, St. Louis, MO) (33) . Cells were serum starved for 12 h before stimulation.
Statistics. Data are expressed a mean Ϯ SE. Statistical significance was determined with a one-way ANOVA (with Tukey's test for multiple comparisons) using GraphPad Prism (GraphPad Software). For comparisons with the Sham condition, Wilcoxon rank sum tests were performed to confirm statistical significance. A P value of Ͻ0.05 was considered significant.
RESULTS

␤-Arrestin-biased AT1R ligand enhances cardiac contractility.
To test whether TRV120023 affects cardiac function in vivo, we performed P-V loop analysis on both WT and ␤-arrestin-2 KO mice (Figs. 2 and 3) . In WT mice, intravenous infusion of TRV120023 increased end-systolic elastance (Ees) and maximal elastance (Emax), measures of cardiac contractility that are independent of loading conditions (Fig. 2, A-C; Table 1 ). In contrast, intravenous infusion of the unbiased AT1R antagonist, losartan, decreased contractility significantly ( Fig. 2D ; Table 1 ). In ␤-arrestin-2 KO mice, no increase in contractility, as measured by Ees and Emax, was observed with TRV120023 infusion (Figs. 2, E and F, and 3, A and B ; Table 2 ). Infusion of TRV120023 caused a similar reduction in LV systolic pressure in both WT and ␤-arrestin-2 KO mice, but only in the ␤-arrestin-2 KO mice was there a fall in ejection fraction (Fig.  3, C and D; Tables 1 and 2 ). These findings suggest that the increase in contractility caused by TRV120023 administration is dependent on ␤-arrestin-2, whereas the reduction in blood pressure is G-protein mediated and independent of ␤-arrestin-2. Importantly, the administration of losartan decreased cardiac contractility and LV systolic pressure, consistent with complete blockade of both ␤-arrestin-2 and G-protein AT1R signaling.
To demonstrate that TRV120023 functions as a ␤-arrestinbiased AT1R agonist in vitro, we tested its ability to activate signaling downstream of G-protein and ␤-arrestin in HEK293 cells stably overexpressing AT1R. We found that TRV120023 induces ␤-arrestin recruitment (EC 50 ϭ 44 nM) without activation of G-protein-coupled pathways, as measured by IP and DAG accumulation (Fig. 4, A, C, and D) . Losartan has no detectable efficacy in these assays (Fig. 4, B-D) . These findings (TRV10) and 100 g·kg Ϫ1 ·min Ϫ1 (TRV100)]. In ␤-arrestin-2 KO mice, Ees and Emax were decreased in a dose-dependent manner (*P Ͻ 0.001 for the saline-infused group vs. TRV120023-infused groups of the corresponding genotype; WT, n ϭ 6; ␤-arrestin-2 KO, n ϭ 5). C: LV systolic pressure was decreased significantly in the TRV120023-infusion group (*P Ͻ 0.001 for the saline-infused group vs. TRV120023-infused groups of the corresponding genotype and for saline-infused WT vs. ␤-arrestin-2 KO; WT, n ϭ 6; ␤-arrestin-2 KO, n ϭ 5). D: ejection fraction was not changed in TRV10-and TRV100-infusion groups in WT but was decreased in ␤-arrestin-2 KO mice ( †P Ͻ 0.01 for ␤-arrestin-2 KO infused with TRV100 vs. saline-treated ␤-arrestin-2 KO and TRV100-treated WT; WT, n ϭ 6; ␤-arrestin-2 KO, n ϭ 5).
are consistent with previous work showing that TRV120023 stimulation induces AT1R internalization, whereas losartan does not (32) . Radioligand-binding studies using [
125 I]-ANG II show the inhibition constant (K i ) for TRV120023 to be 10 Ϯ 3 nM.
AT1R-biased agonism activates prosurvival signaling following cardiac injury. To determine whether pretreatment with TRV120023 induces cardioprotective signaling within the context of a pathologic insult, we measured the levels of phosphorylated ERK1/2 and Akt in myocardial lysates harvested from WT and ␤-arrestin-2 KO mice after IR injury. In WT mice, pretreatment with 100 g·kg Ϫ1 ·min Ϫ1 intravenous TRV120023, 30 min prior to coronary artery occlusion, significantly increased phosphorylated ERK1/2 to a greater extent compared with saline-or losartan-treated WT mice (Fig. 5A) . Importantly, TRV120023 pretreatment fails to increase ERK1/2 phosphorylation after IR in ␤-arrestin-2 KO mice (Fig. 5B) . The increase in phosphorylated Akt with TRV120023 in WT mice after IR was not observed with losartan treatment (Fig. 5C ) or in TRV120023-treated ␤-arrestin KO mice (Fig. 5D ). These findings demonstrate that pretreatment with TRV120023 enhances cardioprotective ERK1/2 Left ventricular systolic pressure (LVSP) and end-systolic pressure (ESP) were decreased significantly after TRV120023 (TRV) and losartan infusion groups. Cardiac contractility [end-systolic elastance (Ees) and maximal elastance (Emax)] was increased significantly in TRV120023 100 g · kg Ϫ1 · min Ϫ1 infusion group. (*P Ͻ 0.01; † P Ͻ 0.05; ‡ P Ͻ 0.001; n ϭ 5-6/group). P values reflect comparisons with basal condition within the same treatment group with the use of 1-way ANOVA. AT1R, ANG II type 1 receptor; HR, heart rate; EDP, end-diastolic pressure; ESV, end-systolic volume; EDV, end-diastolic volume; EF, ejection fraction; dP/dtmax and dP/dtmin, maximum and minimum rate of pressure change in the ventricle, respectively; EDPVR, EDP-volume relation; , isovolumic relaxation constant. and Akt signaling during IR in a ␤-arrestin-2-dependent fashion compared with the unbiased ARB, losartan.
To examine whether the cardioprotective signaling induced by TRV120023 results in decreased cell death, we next tested whether TRV120023 pretreatment would decrease cardiomyocyte apoptosis after IR injury. The number of TUNELpositive cardiomyocytes, a marker of apoptosis, was reduced significantly in TRV120023-treated animals compared with either saline or losartan (Fig. 6, A and B) . Moreover, this antiapoptotic effect of TRV120023 was abrogated in ␤-arrestin-2 KO mice undergoing IR, indicating that the inhibition of cellular apoptosis is mediated through ␤-arrestin-2 (Fig. 6C) .
Since stretch-mediated AT1R signaling in the heart is mediated by ␤-arrestin-2 (22), we tested whether TRV120023 would enhance cardioprotective signaling in a model of ex vivo mechanical stretch. We perfused hearts in a Langendorff preparation and induced mechanical stretch by inflating a balloon inserted into the ventricle through the mitral valve (22) . Hearts were perfused with saline, losartan, or TRV120023 for 30 min during the period of mechanical stretch. TRV120023 administration promoted a two-to threefold increase in phosphorylated ERK1/2, which was maintained during stretch (Fig. 7A) . In contrast, no significant increase in phosphorylated ERK1/2 was observed in hearts perfused with losartan (Fig. 7A) . Consistent with our findings of an increase in ERK1/2 phosphorylation with TRV120023 treatment, the level of TUNEL-positive cells was decreased significantly in the TRV120023-treated hearts compared with those treated with losartan (Fig. 7, B and C) .
DISCUSSION
In this study, we tested the effect of the ␤-arrestin-biased AT1R ligand, TRV120023, on cardiac performance and response to injury and show that: 1) stimulation with a selective ␤-arrestin-biased AT1R ligand increases cardiac contractility in vivo, and this effect is lost in ␤-arrestin-2 KO animals; 2) during in vivo cardiac injury, TRV120023 treatment enhances ERK1/2 and Akt signaling in a ␤-arrestin-2-dependent manner; and 3) treatment with TRV120023 promotes cell survival during cardiac injury, as assessed by TUNEL positivity compared with treatment with the unbiased ARB losartan.
Mechanism for cytoprotection by ␤-arrestin-biased AT1R ligands. Ischemic myocardial injury is a clinical condition that commonly leads to the development of congestive heart failure. Thus maintenance of cell number and function following ischemic injury is an important therapeutic strategy to prevent ischemic cardiac dysfunction. It is known that ischemic injury alone results in upregulation of MAPK and Akt signaling in response to stress, although the function of kinases activated in this manner is unclear (26) . The activation of ERK1/2, as observed in the saline-and losartan-treated animals undergoing IR injury (Fig. 5, A and B) , is likely mediated via a non-␤-arrestin pathway, potentially through PKC (7). In contrast, upregulation of these kinases via ␤-arrestin-mediated signaling downstream of both AT1Rs and ␤-adrenergic receptors has been consistently shown to be cytoprotective in both in vitro and in vivo model systems (3, 15, 22, 28) . A key pathologic feature in ischemic injury is the loss of cardiomyocytes through necrosis and apoptosis. Previous work has shown that ␤-arrestin-mediated signaling has an antiapoptotic effect through phosphorylation and subsequent inactivation of the proapoptotic mediator Bcl-2-associated death promoter via activation of MAPK pathways (3). However, the physiologic significance of this finding was unknown. In the present study, we show that TRV120023 significantly reduces the level of apoptosis in mouse hearts subjected to IR or ventricular stretch and that this effect is ␤-arrestin dependent. Our data indicate that ␤-arrestinbiased AT1R ligands not only enhance cytoprotective signals in vivo but that this also translated to diminished cell loss. These findings are consistent with recently published ex vivo work (11) and support our hypothesis that myocyte loss due to IR or stretch injury can be pharmacologically attenuated through modulation of the AT1R and that ␤-arrestin-biased agonism is indeed a therapeutic strategy of significant physiologic relevance.
Role of ␤-arrestin-biased AT1R agonism during acute ischemic injury. The activation of the AT1R by its endogenous ligand, ANG II, induces increased cardiac contractility, which over brief periods, is advantageous in the maintenance of cardiovascular homeostasis and organ perfusion. However, chronic activation of the AT1R results in the development and progression of cardiac dysfunction (1, 2, 5, 16, 20, 24) . Ex vivo studies (21) and more recently, in vivo studies (32) have shown that ␤-arrestin-biased AT1R ligands enhance contractility independent of G-protein activation and that these effects translate to improvements in cardiac unloading and renal perfusion in a canine model of heart failure (8) . Treatment with unbiased ARBs counteracts peripheral vasoconstriction, which is advantageous, but results in reduced cardiac contractility (10, 13, 27, 30, 32) . In this study, we show that the contractility effect associated with TRV120023 is indeed ␤-arrestin-2 dependent, whereas its effect on blood pressure lowering is independent of ␤-arrestin and likely mediated by inhibiting G-protein signaling in the peripheral vasculature. These findings present intriguing implications for cardiac therapy in congestive heart failure in general and ischemic injury in particular, which is often characterized clinically by peripheral arterial vasoconstriction and diminished cardiac contractility. Indeed, TRV120027, a ␤-arrestin-biased peptide related to TRV120023, is currently being studied in the treatment of heart failure (http://clinicaltrials. gov; Unique Identifier NCT01187836). TRV120023 has similar potency to TRV120027 [K i of 10 nM and 16 nM (32), respectively] and similar efficacy for ␤-arrestin recruitment [EC 50 of 44 nM and 17 nM (32), respectively].
In our study, we found that mice treated with a ␤-arrestinbiased AT1R agonist show increased load-independent measures of contractility (Ees and Emax) compared with losartan. Previous work has shown that the administration of a ␤-arrestin-biased AT1R agonist does not increase intracellular calcium levels (21) , and as we show in this study, TRV120023 does not lead to the accumulation of IP1 and DAG. We therefore hypothesize that the ␤-arrestin-dependent inotropic effect of TRV120023 is likely related to enhanced sensitivity of the myofilament to calcium. Interestingly, WT mice treated with losartan showed reduced contractility, which may represent the combined effect of inhibiting both G-protein-mediated signaling and ␤-arrestin-dependent inotropic effects on cardiac function. This assertion is supported by the finding that TRV120023 decreases contractility (Ees and Emax) and functional measures (ejection fraction) in ␤-arrestin-2 KO mice through the combined reduction of circulating ANG II-induced G-protein/␤-arrestin-mediated inotropy. Interestingly, saline infusion alone depressed contractility in ␤-arrestin-2 KO mice (Fig. 3, B and C) . We hypothesize that this finding may be related to alterations in length-dependent force generation in the ␤-arrestin-2 KO mice. Further studies investigating the role of myofilament sensitivity as a mechanism for the observed ␤-arrestin-mediated inotropic effect will need to be performed.
In conclusion, we show that a selective ␤-arrestin-biased AT1R agonist enhances contractility and promotes cardiomyocyte survival during acute cardiac injury of IR and mechanical stretch.
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